Over the last two decades, advanced engine control systems have been developed that use cylinder pressure as the primary feedback variable. Production application has been limited by cost, reliability, and packaging difficulties associated with intrusive cylinder pressure sensors. Now, a low-cost cylinder-pressure-based engine control system has been developed that utilizes Pressure-Ratio Management (PRM) and non-intrusive cylinder pressure sensors mounted in the spark plug boss of four-valve-per-cylinder engines. The system adaptively optimizes individual-cylinder spark timing and air-fuel ratio, and overall exhaust gas recirculation (EGR) for best fuel economy and lowest emissions over the life of each vehicle. This paper presents the engine control and cylinder pressure sensor systems. Results are presented showing spark timing and EGR control, knock and misfire detection, cylinder-to-cylinder air/fuel balancing, and cold start control.
INTRODUCTION
Development of advanced engine control systems for the modern 4-stroke gasoline engine is being driven by demand for higher fuel economy and increasingly stringent exhaust emissions standards. Additionally, emissions compliance must be maintained for increasing service duration while On-Board-Diagnostics (OBDII) requirements are satisfied.
Individual-cylinder, cylinder-pressure-based feedback control is an ideal method to optimize engine operation [1, 2] (numbers in brackets indicate references found at the end of this paper) over vehicle life while fulfilling diagnostics requirements. Cylinder pressure is a fundamental combustion variable, which can be used to characterize the combustion process for each combustion event. Optimal engine control can be maintained by monitoring the pressure in each cylinder and using this information for feedback control of spark timing, exhaust gas recirculation (EGR), air-fuel ratio (A/ F), and combustion knock. The system is not proposed, however, as a replacement for stoichiometric A/F control using an oxygen sensor, however, for lean systems, such replacement has been demonstrated.
The ability to sense and adapt for factors that produce deviations from the best open-loop calibration yields a wide range of benefits. These benefits are summarized in Tables 1 and 2 below. Fuel economy may be increased and nitrogen oxide (NOx) emissions decreased by operation with higher levels of EGR or with leaner A/F ratios than would normally be practical. Further efficiency gains result by operation of each cylinder at Minimum Spark Advance for Best Torque (MBT), thereby compensating for burn rate and spark requirement differences from cylinder-to-cylinder. Cylinder-pressurebased control can adapt for environmental factors, component manufacturing variations, component wear, and component degradation of various types, effectively reducing exhaust emissions dispersion and deterioration for an aging fleet. Cold start fueling algorithms that are based on cylinder pressure measurements may substantially reduce exhaust hydrocarbon (HC) emissions.
Improved detection of combustion knock and pre-ignition enables safe operation closer to MBT spark advance, while cylinder pressure sensing provides outstanding detection of misfire and partial burn cycles for the full range of engine operating conditions. As future automotive engine systems become more complex, cylinder-pressure-based control enables reduced dependency on expanding open-loop calibrations and may simplify calibration requirements while speeding the overall calibration process.
A variety of cylinder-pressure-based engine control systems has been reported in the literature [3, 4, 5, 6] . Generally, cost, packaging, and durability considerations have limited production applications of these systems. Some systems have also been compromised by poor sensor signal quality or algorithm design, both of which may limit system performance and functionality, and reduce system benefits.
The most common type of cylinder pressure sensors are intrusive devices that package through the combustion chamber wall [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . While intrusive sensors are evolving into smaller designs, production viability of packaging these sensors within the crowded space of an engine cylinder head remains a formidable challenge throughout the industry. Cost of these devices is generally high and the hostile thermal and mechanical environment of the combustion chamber introduces serious durability concerns.
Non-intrusive sensors [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] do not require direct access to the combustion chamber. Pressure is detected indirectly by sensing stress in an existing engine component (e.g., head bolt). Because of their integration into existing components, non-intrusive devices are generally lower cost than intrusive sensors. However, signal quality depends strongly on the mechanical load path of the resulting package and is often below requirements. In-spark-plug devices [36] [37] [38] [39] [40] [41] [42] [43] have been of interest since they do not require an additional access port to the combustion chamber. Significant engineering resources have been applied recently to develop an integrated spark plug pressure sensor as part of the ignition subsystem. Unfortunately, use of piezoelectric, fiber optic, or magnetostrictive sensing technology has not resulted in a practical, low-cost, in-spark-plug device.
Algorithms for cylinder-pressure-based engine control have been developed with various control functionality, and pressure sensor, sampling, and processing requirements. Location of Peak Pressure (LPP) [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] is a well-known algorithm that is relatively easy to implement and does not require calibrated sensors. For strong mixtures, control of LPP to a predetermined MBT target can provide effective spark-timing control. This approach has reduced applicability for dilute mixtures, such as at idle or for high EGR rates, and can not be used effectively for control of EGR, A/F, or other engine control variables [53] .
Indicated mean effective pressure (IMEP) may be calculated by sampling the cylinder pressure waveform during the combustion event. Toyota produced an engine control system [54, 55] based on this approach using a single intrusive pressure sensor mounted in cylinder #1. Cylinder pressure measurements were sampled four times during the expansion stroke as an estimate of IMEP. JECS also developed a similar system on a 3.0l V6 using a spark plug load washer in each cylinder [56] . The algorithm is useful for monitoring engine torque fluctuations for indication of combustion dilution limits [57, 58, 59] and for detection of misfired cycles. However, IMEP has limited application for other engine control functions.
An empirical method called the "moment algorithm" [60, 61, 62] was developed to estimate the mixture A/F ratio by applying pattern recognition techniques to the cylinder pressure waveform. The "shape information" contained in the cylinder pressure waveform was quantified by calculating the first, second and third moments of pressure vs. crank angle, and using these as inputs to an estimator algorithm. The gain and bias of the pressure sensor were not required and a reasonable correlation between A/F and engine variables was demonstrated. The calculation procedure, however, was computationally intensive and was not extended to other control functions such as spark timing control.
Another approach to engine control using cylinder pressure is the "difference pressure" technique developed by Bosch [18, 63, 64] . The difference pressure (DP) is defined as the difference between the measured combustion pressure and the calculated motored pressure for the same cycle. The difference pressure integral (DPI) is the integral of DP between top-deadcenter (TDC) and 180 crank-angle-degrees (CAD) aftertop-dead-center (ATDC) and was used for misfire detection, spark timing control, and dilution limit detection. The algorithm offers the benefit of insensitivity to pressure sensor bias but conversely, requires a sensor with known gain (calibrated).
It is generally recognized that excellent measures of knock intensity may be obtained from cylinder pressure measurements, depending on the pressure sensor type and mounting location within the engine [1, 65, 66, 67] . Nissan produced a system on a 3.0l V6 that used ring load washers mounted under each spark plug to detect individual-cylinder combustion knock [34, 35] . Owing to improved knock detection from cylinder pressure measurements, knock system performance can be improved and the knock calibration may be simplified.
The current work offers a new solution to the technical and commercial limitations of other pressure-based engine control systems. The technology developed reduces the cost and complexity historically associated with cylinder-pressure-based engine control systems, while providing increased control functionality. The control algorithm used is based on fundamental combustion principles, is computationally efficient, and greatly reduces requirements on the pressure sensor system. The pressure sensor used is a piezoelectric, non-intrusive device that has potentially excellent durability with estimated cost between one half to one quarter the cost of competitive intrusive sensors. This paper presents the control system, control algorithms, and the sensor system. Test results for spark-timing control, dilution control, A/F balancing, misfire and knock detection, and the cold start are shown. Improvements in vehicle fuel economy, NOx emissions, and HC emissions are reported.
PRESSURE-RATIO MANAGEMENT
FUNDAMENTAL PRINCIPLES -Rassweiller and Withrow [68] showed that the mass burn fraction (MBF) for an engine could be determined from the fractional pressure rise due to combustion. The algorithm used in the current work is based on this principle and is called Pressure-Ratio Management (PRM) [69, 70, 71] . For each combustion event, the algorithm provides determination of combustion phasing and combustion dilution.
To illustrate PRM, the fired cylinder pressure and the "motored pressure" that would exist if combustion did not occur are shown in Figure 1a . The pressure ratio (PR) is defined as the fired pressure divided by the motored pressure and is shown in Figure 1b .
The PR has unity value before combustion and rises during combustion to a final pressure ratio (FPR) which depends on the amount of heat release per unit charge mass. The increase in the final pressure ratio is called the modified pressure ratio, MPR.
The fractional rise in the pressure ratio is an estimate of the mass burn fraction. The accuracy of the estimate is influenced only slightly by heat transfer and piston motion [70] . Since the pressure ratio is, by definition, a ratiometric measure of cylinder pressures, PRM algorithms do not require the gain of the pressure sensor. The bias of the pressure signal (voltage) is computed using two compression samples with the assumption of polytropic behavior [70] . Therefore, PRM is inherently insensitive to many of the common errors in pressure measurement. Importantly, this enables use of low-cost pressure sensors for practical implementations of the system. PRESSURE SAMPLING REQUIREMENTS -Implementation of PRM requires pressure sampling at a minimum of 4 discrete crank angle locations for which cylinder volume is known. Two samples are taken prior to significant heat release (typically 35 and 50 degrees before-top-dead-center (BTDC)) for determination of the motoring pressure waveform and the signal bias from polytropic relationships (see Figure 1a) . A sample taken after combustion is complete (typically 55 degrees ATDC) is needed to determine the FPR, which is represented as quantity B in Figure 1b . A sample taken at 10 degrees ATDC (during combustion) provides the pressure ratio at this point. The fractional rise in pressure ratio is an estimate of the mass burn fraction. For the 10 degree ATDC point, this is represented by the quantity A/B in Figure 1b and is also called the PRM timing parameter, PRM10.
PRM10 TIMING PARAMETER -The PRM10 timing parameter is a very sensitive measure of combustion phasing and is useful for MBT spark timing control.
PRM10 values range between 0 and 1. For spark-ignited engines, MBT spark timing yields a PRM10 value of about 0.55 under all operating conditions. Retarded spark timing yields lower values of PRM10; advanced timing yields higher values of PRM10. Typically, a change of 0.1 in PRM10 corresponds to 3 to 5 degrees change in spark timing. Because the mass burn rate and the slope of the PR curve are near their maximum at 10 degrees ATDC, the PRM10 parameter remains a sensitive measure of combustion phasing even for high dilution ratios.
PRM techniques may be extended for special operating modes that require control of late combustion phasing. Spark timing is commonly retarded during cold starts for catalyst heating, and transmission shift control can be improved by momentary spark retard for engine torque reduction. A PRM25 timing parameter is defined for this purpose and is illustrated in Figure 1b . The PRM25 timing parameter requires an additional pressure sample at 25 degrees ATDC.
FINAL PRESSURE RATIO AND DILPAR DILUTION PARAMETER -Final pressure ratio is a measure of the combustion heat release per unit charge mass. For combustion with MBT spark timing, FPR is a maximum for stoichiometric mixtures with no dilution, and decreases as excess air, EGR, or residuals are increased. Therefore, FPR is useful as an indicator of total charge dilution, and is applicable to the control of mixture dilution in systems which are lean burn, use high amounts of EGR, or vary the amount of residual through variable valve train systems. For spark-ignited engines with MBT spark timing, FPR has a typical range between 2.8 and 4.0.
FPR is sensitive to combustion phasing due to cycle heat losses [70] . Early combustion phasing causes lower FPR, and visa versa. Fortunately, in the interest of obtaining a pressure-based dilution parameter solely dependent on dilution, this phasing dependency is approximately linear with PRM10 and may be readily corrected. As a result, the FPR that would have existed if the cycle burned at MBT may be determined. This quantity is called the Dilution Parameter, or DILPAR.
DILPAR provides an estimate of total charge dilution for any one cycle that burns completely. DILPAR exhibits lower cyclic variability than FPR (or MPR), which include the effects of combustion phasing. Since the total charge dilution that a combustion system can tolerate remains nearly constant over the full operating range, DILPAR is a very useful estimator for combustion control with lean A/F ratios or high EGR.
ENGINE CONTROL STRATEGIES BASED ON PRMFrom this understanding of the pressure ratio and its use to characterize the combustion process, a variety of engine diagnostic and control strategies have been conceived. The overall engine control strategy for this system was to deliver EGR near the dilution limit, optimize individual-cylinder spark timing, and balance A/ F ratio, adaptively, for maximum fuel economy and minimum emissions over the life of each vehicle.
Closed-loop, MBT, spark-timing control may be achieved by controlling PRM10 to a nominal target value of 0.55. To implement this overall scheme, the required accuracy of PRM10 is about + / -0.05. Pressure sensor accuracy corresponding to this level of PRM10 accuracy is presented in the next section. Modifications to the PRM10 target value of 0.55 may be performed to control combustion knock and pre-ignition, or for spark retard during decels and the cold start. These applications are discussed further in following sections.
Closed-loop EGR control may be implemented using three different control strategies as summarized below:
Method 1 Dilution Control -Control DILPAR to a target value based on known dilution limits of the engine. This method to control dilution is illustrated in Figure 2a and requires the greatest accuracy on DILPAR (+/-0.05).
Figure 2a. Method 1 Dilution Control
Method 2 Dilution Control -The spark timing required to produce a given value of PRM10 indicates charge dilution. Using this fact, dilution may be controlled by maintaining PRM10 at 0.55 and varying EGR until a spark-timing target is reached. Spark timing targets are based on known dilution limits of the engine, which correspond to the best efficiency mixtures. The advantage of this method is that it is less sensitive to pressure measurement errors than Method 1. PRM10 accuracy of +/-0.05 is typically required. This method of dilution control is illustrated in Figure 2b . For the current work, Method 2 and Method 3 were selected for dilution control since they provide the greatest robustness with the least sensitivity to pressure measurement errors. By combining these two methods, an engine may be operated as dilute as practically possible while avoiding torque instability problems. For partial burn detection (i.e. at the dilution limit), MPR was used as an indicator of total heat release per cycle. This method will be presented in more detail in the section on Misfire Detection. Use of Pressure-Ratio Management for A/F balancing and cold start fuel control will also be presented in following sections.
CYLINDER PRESSURE SENSING SYSTEM
Successful implementation of pressure-based engine control using PRM depends on availability of a production-viable cylinder pressure sensor that satisfies cost, packaging, and reliability requirements. The sensor must respond sufficiently linearly to cylinder pressure during the sampling window (-50 to 70 degrees ATDC), however, only a relative measure and not an absolute measure of pressure is required. This means that sensor gain and bias changes are permitted as long as these changes occur below a certain rate.
To meet these requirements, a new pressure-sensing concept [72] was conceived and developed. The sensor is a non-intrusive device called the "spark-plug-boss" (SPB) cylinder pressure sensor. The sensor uses piezoelectric sensing technology to detect compressive forces in the cylinder head structure in response to cylinder gas pressure loading. Mounting of the sensor in a four-valve-per-cylinder engine is shown in Figure 3 . A photograph and cross sectional drawing of the sensor are shown in Figures 5 and 6 .
SENSOR LOAD PATH DESCRIPTION -The SPB pressure sensor operates in a structural load path that is very linear and well behaved. Cylinder pressure acting on the combustion chamber creates a force that is elastically transferred through the cylinder head structure to the head bolts. A portion of this total force is transferred in compression through the spark plug boss and has a magnitude of about 2200 N at maximum cylinder pressure (6.8 MPa) . This provides a reasonable but not excessive force for sensing. To detect the force, a shoulder is machined on the inner diameter of the spark plug boss and the sensor is preloaded onto the shoulder using fastening threads. To accommodate the sensor, the cast outer diameter of the upper spark plug boss is increased about 6 mm. Because the sensor is located high within the spark plug boss, the sensor has no detrimental effect on spark plug cooling. The sensor is responsive to compressive forces applied through the sensor bottom face (see Figure 3) .
A detailed thermal-structural analysis for the sensor and cylinder head was performed to confirm load path sensitivity to cylinder pressure and insensitivity to extraneous loads (Figure 4 ). Various extraneous loads are known (valve train dynamics, thermal loads, etc), however, since loads caused by cylinder pressure are large, tests show that error signals could be effectively isolated and minimized (see section on signal validation). Frequency response of the installed sensor is about 20 kHz, which is adequate for detection of cylinder pressure including combustion knock. The advantages of this overall sensing concept are:
1. Direct access to the combustion chamber is not required 2. Due to abundance of cooling water surrounding the spark plug boss, sensor operating temperatures and hot soak temperatures are relatively low (140 C maximum).
3. Due to mounting outside of the combustion chamber, the sensor is insensitive to several common types of thermal errors including intracycle flame arrival effects and signal drift during engine load transients. Design specifications for the Spark-Plug-Boss Sensor used with Pressure-Ratio Management are listed in Table  3 . An error sensitivity analysis was performed to determine some of the specifications in Table 3 . The values listed may be adapted to suit specific engine control applications. Figures 5 and 6 , The SparkPlug-Boss Sensor is a simple force transducer with an annular cross sectional shape. The inner diameter of the sensor equals the diameter of the spark plug well. The sensor is comprised of six components arranged on a single axial centerline [73] . This enables low-cost assembly of the sensor using automated tools and procedures. A deep-drawn aluminum can shields the sensor assembly on the inner diameter. The assembly is sealed hermetically using dispensed silicone sealants.
SPARK-PLUG-BOSS CYLINDER PRESSURE SENSOR -Referring to
Mechanical loads acting on the sensor are transferred upward in compression through the sensor shield, the protection washer, and the piezoceramic element to the threaded shell. The fastening threads on the shell are a 5-degree buttress design that align thread loads axially for linear load transfer characteristics [74] . To minimize thermal-induced error signals, the shell is fabricated from high-strength aluminum alloy, which has a coefficient of thermal expansion equal to that of the aluminum cylinder head. The shell is nickel plated to prevent thread galling and corrosion. Typical sensor signal characteristics for one combustion event are shown in Figure 7 for part-throttle operating conditions. Discontinuities in the sensor waveform are due to intake and exhaust valve loading on the combustion chamber. Differences between the signals during the valves closed region are due to gain and bias differences of the signals. As a measure of sensor linearity, the sensor signal in Figure 7 is plotted as a function of the Kistler 6125 signal (Figure 8 ). Deviations from the straight line connecting the endpoints of this plot indicate that sensor errors are small relative to the ideal linear response (the primary requirement for PRM). The piezoceramic material used in the sensor is a modified lead-zirconate, lead-titanate composition specially developed for excellent output linearity and stability at high operating temperature. Extensive tests were performed to develop and characterize the electromechanical properties of this material. Results showed that (1) output was insensitive to static preload; (2) non-linearity and hysteresis combined were less than 1.5 percent of full scale over the temperature range; and (3) degradation of charge constant at 13.7 MPa prestress and 150 C was about 2.3 percent per age decade. This material exhibited the most linear response characteristics in tests conducted with materials from leading piezoceramic suppliers worldwide.
To minimize system cost and complexity, and provide high signal quality, a new, high-temperature, integral electronic amplifier was developed. The amplifier circuit schematic is shown in Figure 9 . The amplifier utilizes lateral MOSFET transistor technology and Surface Mount Technology (SMT) for high-temperature and high-density circuit packaging. The amplifier operates from a constant-current supply located in the engine control unit (ECU). A single wire connected to the sensor provides power to the amplifier and returns a signal to an electrical interface at the ECU. This enables reduced sensor and connection system costs. The amplifier tolerates contact resistance as high as 10 ohms, which further enables robust, low-cost connection system designs. Figure 10 shows a modular connection system developed as part of this work. The electrical mechanization for the system is shown in the next section.
Measured response characteristics for the electronic system compared to SPICE model predictions are shown in Figures 11 and 12 . Linearity is excellent and bandpass characteristics are very stable over the operating temperature range. The amplifier satisfies electromagnetic compatibility (EMC) requirements including electrostatic discharge (ESD) protection and is immune to damage from DC sources. The amplifier, as fabricated on polyimide flexible substrate, has been tested extensively (thermal shock, thermal cycling, thermal aging) at 150 C without failures. Figure 13 shows an engine management system for a spark-ignited 2.4l four-cylinder engine that uses Pressure-Ratio Management. Each cylinder is equipped with a Spark-Plug-Boss Cylinder Pressure Sensor. The knock sensor, cam sensor, and misfire system, as used conventionally, have been deleted from the system.
ENGINE MANAGEMENT SYSTEM
The pressure sensor system mechanization showing the system architecture and signal processing paths is shown in Figure 14 . The analog interface contains constant current sources to power the pressure sensors. The analog interface also provides some filtering and buffering of the pressure signals. The signals are multiplexed in the pressure acquisition module and sampled by a 10-bit analog-to-digital converter that is clocked by the crank position sensor (encoder). Current production crankshaft position sensors with an accuracy of about +/-0.25 CAD are sufficient for this system. A Delco GMPX 32U controller was used for system engineering and software development. 
SENSOR SIGNAL ANALYSIS AND VALIDATION
An important step in the development of this pressurebased engine control system was validation of the accuracy of the pressure sensor system per PRM requirements. For this purpose, vehicle tests were conducted on a 2.4l L4 double-over-head-cam (DOHC) engine that was equipped with the system. Pressure sensor errors were measured relative to Kistler 6125 transducers mounted in each cylinder.
Accuracy of the PRM10 Timing Parameter is especially important, since spark timing control and dilution control are based on PRM10 calculations. For 100 consecutive cycles at part-throttle conditions, Figure 15 shows PRM10 calculated from an SPB sensor plotted against PRM10 calculated from the Kistler transducer. The MPR Dilution Parameter and specifically, variation of MPR are used for Dilution Limit Detection. Figure 16 shows MPR calculated from an SPB sensor plotted against MPR calculated from the Kistler transducer. Figure 18 compares these data on a cycle-by-cycle basis. From the figures, it is apparent that variability of MPR calculated from the SPB Sensor and from the Kistler is very similar. For this condition, the COV of MPR for the SPB Sensor was 3.2 percent and COV of MPR for the Kistler was 2.9 percent. MPR errors for the SPB Sensor in Figure 16 are a fraction of the MPR fluctuation at this condition, confirming that MPR calculated from the SPB Sensor is appropriate for use for Dilution Limit Detection. Figure 18 also shows the dilution parameter, DILPAR for these data. DILPAR is basically MPR that is corrected for combustion phasing effects (see equation 5). Figure 18 shows that DILPAR is relatively invariant for this steady state operating condition. This means that DILPAR can essentially provide a one-cycle estimate of combustion dilution. The observed variability of DILPAR in Figure 18 is attributed to system noise and real A/F variations caused by fuel control based on an exhaust oxygen sensor.
Additional tests were performed to measure the accuracy of the SPB Sensor System for the range of engine operating conditions encountered in the FTP test. "Maximum errors" for PRM10 and MPR as measured for 100 consecutive cycles are reported as shown in Figures  19 and 20 . Average errors for these conditions are much less. Correlation coefficients are also shown. These results establish the validity of the SPB Sensor system for use with Pressure-Ratio-Management. 
ENGINE CONTROL APPLICATIONS
CLOSED-LOOP SPARK TIMING AND EGR CONTROL -Conventional open-loop engine control systems are inherently unable to compensate for manufacturing variations, aging and wear, fuel properties, and some environmental factors like humidity [49] .
Because of this, and in order to maintain acceptable driveability, open-loop systems must be calibrated with lower levels of EGR than the engine can tolerate. Even for moderate levels of EGR, engine operation may be compromised by misdelivery of EGR and improper spark timing for the mixture delivered. Closed-loop control using cylinder pressure measurements provides precise regulation of spark timing and EGR, resulting in optimum engine efficiency and minimum emissions.
Closed-loop, MBT, spark-timing control was implemented by controlling PRM10 to a nominal target value of 0.55. Modifications to the PRM10 target were made for special operating conditions and were input as calibration parameters in a lookup table. For decels, PRM10 target values were reduced to maintain good combustion stability. PRM10 target values were also automatically modified if knock was detected or if pre-ignition was detected. PRM10 target values may also be reduced to reduce NOx emissions although with an associated efficiency loss.
Closed-loop EGR control was implemented using Method 2, Dilution Control. Spark advance targets for the best efficiency mixtures were determined in off-line experiments and were input into a look-up table. Method 3, Dilution Limit Detection, was used simultaneously to limit EGR rates if combustion instabilities or partial-burn cycles were detected. For good transient control of EGR, additional improvements were incorporated including 1) accurate EGR lift control with improved valve stability, 2) use of an EGR transport delay model, and 3) adaptive learning for the EGR valve lift table. Figures 21 and 22 show HC emissions, NOx emissions, and fuel efficiency as a function of the PRM10 target value at 1800 rpm and part throttle. Figure 21 is for EGR disabled with a corresponding MBT spark advance of 30 CAD BTDC. Figure 22 is for heavy EGR corresponding to the best efficiency mixture and an MBT spark advance of 52 CAD BTDC. The data shows that control of PRM10 to a target value of 0.55 does provide the best efficiency operation for conditions with and without EGR. Heavy EGR, corresponding to the best efficiency mixture, improved engine efficiency by 5 percent and reduced engine-out NOx emissions about 70 percent. Engine-out HC emissions were increased about 40 percent. For systems without EGR or for systems with moderate EGR, spark retard is normally used to suppress engine-out NOx. This may reduce efficiency an additional 2 to 3 percent relative to operation with the best efficiency mixture and MBT spark timing.
Federal Test Procedure (FTP) tests were performed to evaluate the performance of the engine and control system for urban driving. These results establish that high levels of EGR can be used to improve fuel economy. For any vehicle application, the net benefit of EGR on fuel economy depends on transmission characteristics and power-to-weight ratio of the engine and vehicle. AIR-FUEL RATIO BALANCING -Cylinder-to-cylinder A/ F imbalances in spark-ignited engines may originate from both unequal fuel flow and unequal airflow to the cylinders. Typically, production injectors have matched flow rate within 3 to 6 percent. Over life as injectors age, fuel delivery may be altered by an additional + / -10 percent. The combined effect can be substantial, and may approach a four A/F spread. A/F imbalances can also result from fuel transport among cylinders caused by strong intake back flows at light-load operating conditions.
A/F imbalances can significantly compromise engine operation and control in a variety of ways. Driveability problems can arise because of reduced dilution tolerance for cylinders with leaner mixtures. This may limit maximum calibrated EGR levels. Air-fuel control accuracy may also be compromised and may result in both increased emissions and increased variation of emissions vehicle-to-vehicle. Generally, engine performance will be reduced by A/F imbalances since one or more cylinders may not be fueled optimally for maximum power generation.
Cylinder pressure-based control can improve engine operation by correcting for A/F imbalances cylinder-tocylinder. The method for balancing A/F among cylinders assumes that combustion burn rate differences among cylinders are caused by A/F differences alone. The algorithm implemented is based on Method 2, Dilution Control applied to dilution with excess air as described on page 5.
To illustrate the basis for the algorithm, Figure 23 shows a plot of MBT spark advance as a function of A/F ratio. Leaner mixtures require more spark advance and richer mixtures require less. Typical sensitivity is five CAD spark advance per air-fuel ratio. The data in Figure 24 shows that this is valid for A/F ratios as rich as 13.0. The A/F Balancing algorithm operates simultaneously with closed-loop (C/L) spark-timing control using PRM10. First, spark timing for each cylinder is adjusted to MBT. Then, the A/F balancing algorithm compares each cylinder's spark advance to the average and increments the individual-cylinder fueling multipliers up or down while maintaining constant total fuel delivery. More fuel is delivered to the lean cylinders and less to the rich. The balancing algorithm operates in a significantly slower loop than the spark timing and EGR control loops. Based on sensor repeatability cylinder-to-cylinder of about PRM10 +/-0.025, the expected accuracy of the A/F balancing algorithm is +/-0.25 A/F ratio or +/-1.5 percent.
The performance of the A/F balancing algorithm was tested by running Hot-5 FTP tests. During the tests, the air-fuel ratio was controlled using the production exhaust oxygen sensor and A/F-control algorithms. The exhaust A/F ratio was measured using an NGK A/F sensor. As shown in Figure 24 , when one cylinder was artificially biased 10 percent lean, the overall exhaust A/F was biased lean and tailpipe NOx emissions increased. When the A/F balancing algorithm was invoked, the enleaned cylinder could be detected and corrected for. A similar effect was observed when one cylinder was artificially biased 10 percent rich, as shown in Figure 25 . The overall exhaust A/F was biased rich and this increased tailpipe HC emissions significantly. The basic method presented is based on the assumption that A/F ratio alone is responsible for burn-rate differences among cylinders. Other causes of burn rate differences include EGR maldistribution or variations of in-cylinder flow patterns. For engines with these problems, performance of the A/F Balancing algorithm may be effected. EGR maldistribution and variations of in-cylinder flow patterns are usually a function of geometry and may be repeatable from vehicle to vehicle. A primary calibration with balanced injectors could provide a reference from which a rebalance of injectors would be possible. Alternately, EGR could be disabled periodically in the field, and injector and airflow imbalances could be corrected.
MISFIRE AND PARTIAL-BURN DETECTION -The objective of the misfire detection system is to satisfy OBD II requirements for catalyst protection over the full range of engine operating speed and load. A misfire detection system has been implemented using MPR since MPR is fundamentally a direct indicator of the heat release per unit charge mass [70] . The method is also applicable to the detection of partial-burn cycles. The overall method is summarized in the table below. Required accuracy of MPR is nominally + / -0.3.
The strategy is illustrated in Figure 26 which shows test results from an engine in which the A/F was varied from stoichiometric to very lean. This produced combustion cycles that were retarded and generally incomplete. The figure shows MPR plotted against IMEP for 200 consecutive cycles as measured using a Kistler pressure transducer. There is good correlation between MPR and IMEP, which shows that MPR is a good estimator of indicated work per cycle. The data in Figure 27 shows that if any heat release occurs after 55 CAD ATDC, its contribution to MPR is at most about 25 percent and virtually no useful work was done (see IMEP in Figure 26 ). It is concluded that MPR (55) is an appropriate parameter for misfire detection.
If more detailed heat release information is needed, an additional pressure sample at 100 or 115 CAD ATDC could be obtained. MPR(55) (or say MPR (115)) is useful for monitoring the extent of combustion for the cold start.
To promote catalyst heating during the cold start, spark timing is retarded heavily and this can lead to partial burning for some cycles. MPR(55) can be used to insure that spark timing is not retarded excessively and combustion is complete within the cylinder before exhaust valve opening and quenching occurs.
Tests were performed using this misfire algorithm with the Spark-Plug-Boss Sensor System over a wide range of engine speeds at "zero brake torque" (neutral gear) to simulate worst case conditions. The mixture was enleaned to create a distribution of total misfire, partialburn, and complete-burn cycles. One hundred consecutive cycles were sampled at each speed. A Kistler pressure transducer mounted in each cylinder was used as a reference. Depending on OBDII requirements and system requirements for misfire detection, the system may be calibrated to simply detect total misfires or may be calibrated more aggressively to detect partial-burn cycles. Partial-burn cycles may also contribute to catalyst degradation. An MPR of 1.0 was chosen as an example of a partial-burn threshold in figures 28 through 31.
COLD START CONTROL -The "cold start" is a critical portion of the FTP test and is responsible for the majority of HC emissions generated for this test. In order to tolerate the incomplete evaporation of fuel with acceptable driveability, open-loop fueling calibrations for the cold start must be biased rich. This typically results in a 40 to 50 percent HC emissions penalty relative to a cold start with ideal fuel delivery. Open-loop spark timing control is also used during the cold start. Since the gasphase A/F and combustion burn rates depend on the completeness of fuel evaporation, spark timing must be advanced to prevent partial burn cycles. This increases the catalyst light-off period and further increases HC emissions. Even with optimized spark and fueling calibrations for the cold start, many production vehicles suffer from poor driveability when the lowest volatility fuels are used.
Cylinder pressure sensing and Pressure-Ratio Management can improve engine control during the cold start in several ways:
1. Method 2 Dilution Control (see page 5) can be used to control the gas-phase A/F slightly lean of stoichiometric. This prevents over fueling and reduces HC emissions.
2. Closed-loop (C/L) spark-timing control using PRM10 and PRM25 can provide precise "spark retard control" and improve catalyst heating.
3. Spark retard is needed for catalyst heating but excessive retard will increase HC emissions due to incomplete combustion. MPR measured during the expansion stroke can be used to indicate completeness of combustion before exhaust valve opening to insure that spark retard is not excessive.
4. Cylinder pressure-based control can also simplify and speed the tedious cold-start calibration process. To demonstrate the basis for A/F control during the cold start, Figures 32 and 33 show typical cylinder pressure waveforms and calculated pressure ratios, respectively, for combustion with greater fuel evaporation and combustion with less fuel evaporation. For fixed spark timing, reduced burn rate for combustion with less fuel evaporation causes a significantly later burn with incomplete heat release by the 55 CAD ATDC sample point. This produces reduced PRM10 (and PRM25) and reduced FPR (MPR) as shown in Figure 33 .
KNOCK DETECTION -The Spark-Plug-Boss Sensor is located a short distance directly above each combustion chamber. The mechanical load path between the combustion chamber and the sensor is very stiff and provides good response to knock-induced structural vibrations over a wide range of frequencies. Valve train noise, such as noise created at valve closing, occurs outside the knock interval and may be windowed out using available signal processing techniques. Since the SPB Sensor is located relatively far from the engine block, sensitivity to block noise is generally low.
Figures 34, 35, and 36 show measured knock frequency spectra for the SPB Sensor, a flush-mounted 6125 Kistler transducer, and a flat response knock sensor, respectively, at 1200 rpm. Spectra were obtained for multiple windowed knocking cycles for light knock (0.25 to 0.5 bar, peak-to-peak), medium knock (0.75 to 1 bar, peak-to-peak), heavy knock (2.7 to 3.3 bars, peak-topeak), and no knock.
The spectra indicate that the dominant first circumferential mode is clearly detected by the SPB Sensor, the Kistler, and the knock sensor. This shows that the SPB Sensor is sensitive to the first mode of knock even though a node of acoustic resonance for this mode exists on the chamber centerline. For heavy knock, the Kistler spectra indicates a strong mode at about 10 kHz, but this mode was only weakly detected by the SPB Sensor and the knock sensor. The Kistler spectra also indicate a weaker mode at 12 to 13 kHz, which may be the first radial mode of knock. The SPB Sensor and the knock sensor also detect this weaker mode. Interestingly, the SPB Sensor uniquely reveals a strong mode at about 18 kHz. This may be an axial mode of knock theoretically centered at 18 to 19 kHz. The spectral width is quite wide, as desired, and may be due to the dependence of resonant frequency on piston position. High-frequency knock modes are generally desirable for knock detection because of their potentially high signal-to-noise ratios. To evaluate the ability of the SPB Sensor to detect knock in a system, tests were conducted on an engine dynamometer using flush-mounted 6125 Kistler transducers and the production knock sensor as references. Signals for 200 consecutive cycles were bandpass filtered with an 8-pole Butterworth filter from 5 to 25 kHz (all modes of knock) and windowed from 0 and 90 CAD ATDC. The integrated result over this window was recorded as knock intensity. Figure 37 shows knock intensity for the SPB Sensor plotted against knock intensity for the Kistler transducer. The correlation coefficient, based on a regression analysis for this data, was 0.76. This is significantly better than the correlation coefficient for the knock sensor, which was only 0.32 ( Figure 38 ). Improvement in knock detection for the SPB Sensor is most evident at low levels of knock intensity where the sensors background noise is very low (see Figure 37 ). This is important to insure good detection of trace knock without "false knock retard". By comparison, the knock sensor has relatively high background noise levels as shown in Figure 38 . Further improvements in knock detection using SPB Sensors may be possible with a dual mode detector using the first circumferential mode and the 18 kHz signal shown in Figure 34 . 
SUMMARY AND CONCLUSIONS
A production-viable cylinder-pressure-based engine control system with extensive system benefits has been demonstrated on a spark-ignited four-cylinder gasoline engine. The system adaptively optimizes combustion for every cycle in each cylinder over the life of each vehicle. Precise engine control was demonstrated for a variety of functions including spark timing control, dilution control, A/F balancing, cold start fueling, misfire detection, and knock detection.
The current work offers a new solution to the technical and commercial limitations of other pressure-based control systems. The technology developed reduces the cost and complexity historically associated with pressurebased systems, while providing increased control functionality. An essential objective of the work was to develop robust, computationally efficient algorithms that do not require highly accurate or absolute measures of cylinder pressure. Pressure-Ratio-Management was presented and the ratio of fired-to-motored pressure was established as a means to efficiently estimate combustion phasing and mixture dilution for each cycle.
A non-intrusive cylinder pressure sensor that satisfies PRM requirements was conceived and developed. The sensor uses piezoelectric sensing technology to detect compressive forces in the spark plug boss of four-valveper-cylinder engines in response to cylinder pressure. The sensor incorporates a linear piezoceramic material and a high-temperature integral electronic amplifier. A single wire connected to the sensor provides a constant current to the amplifier and returns a voltage signal to an electrical interface at the engine controller. The sensor system has potentially excellent durability with estimated cost between one half to one quarter that of competitive intrusive sensors.
The control system has potential to measure trapped air in each cylinder using cylinder pressure measurements. Possibly, the air meter may be eliminated and system cost further reduced. Additional work is needed to develop this functionality. Although the system has been applied to conventional S.I. engines in this work, extension to the common-rail diesel, direct-injection gasoline, and homogeneous-charge compression ignition engines may enable combustion control for these engines as well. 
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